Introduction
T issue engineering holds enormous potential to replace or restore the function of damaged or diseased tissues. 1 However, the most successful applications have been limited to thin avascular tissues such as skin and cartilage 2, 3 in which delivery of nutrients and oxygen relies on diffusion. To overcome the diffusion limit, a functional vascular network must be created to deliver blood to the inner part of the tissue quickly upon implantation.
Several approaches have been employed to vascularize engineered tissue and thus overcome diffusion limits in thick tissue. For example, controlled release of proangiogenic factors from an implant can stimulate the in growth of host vessels. 4, 5 This method does not depend on an autologous cell source, but the slow growth of new vessels may compromise tissue viability. 6 Alternatively, one can seed vascular endothelial cells into the implanted tissue as a means of accelerating vessel formation. [7] [8] [9] [10] [11] This method relies on vasculogenesis in situ, and the time it takes for this process to occur may, again, compromise the implanted tissue.
An alternate method is to prevascularize the tissue with well-formed vessel networks before implantation. It has recently been demonstrated that seeding endothelial cells into a tissue construct before implantation may improve blood perfusion and tissue survival. 12, 13 Although several reports describe the creation of three-dimensional capillary networks in vitro, [14] [15] [16] the use of this method to enhance perfusion to an implanted tissue has been limited to a skin graft. 17 Herein, we report the optimal formation of three-dimensional wellformed capillary networks with lumens in a fibrin gel, and the performance of the prevascularized tissue after subcutaneous implantation in immune-deficient mice. Our results demonstrate that the in vitro-formed capillaries are functional in vivo, and more importantly, the prevascularized tissue anastomoses with the host vasculature (4-5 days) significantly faster than nonprevascularized tissues (8-14 days) . Further, tissue remodeling and cellular activity are also enhanced in the prevascularized tissue after implantation. Our tissue model provides a platform to study the in vitro morphology and in vivo function of engineered capillary networks, and may be useful to overcome the diffusion limit and lead to the successful design of large, threedimensional, engineered tissues.
Materials and Methods

Cell culture
Normal human lung fibroblasts (NHLFs; American Type Culture Collection, Manassas, VA) were cultured in fibroblast growth medium with 2% fetal bovine serum (FBS) (FGM-2; Lonza, Walkersvill, MD). Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cords as previously described 18 and grown in endothelial growth medium with 2% FBS (EGM-2; Lonza). Cells were maintained at 378C in 100% humidified air containing 5% CO 2 , and the medium was changed every other day. All the experiments utilized passage 4-8 fibroblasts and passage 3 HUVECs.
Preparation of the tissue constructs
To make the tissue constructs, a fibrinogen solution of 10 mg=mL was prepared in EGM without FBS, and then sterile filtered. HUVECs and fibroblasts at a ratio of 5:1 or HUVECs alone were suspended in the fibrinogen solution. 5% FBS was added to the fibrinogen-cell mixture right before tissue assembly (i.e., mixing the fibrinogen-cell solution with thrombin). In each well of a 24-well plate, 40 mL of a thrombin (Sigma, St. Louis, MO) solution (50 units=mL) was added and mixed with 500 mL of the fibrinogen-cell solution. The plate was left undisturbed for 5 min at room temperature, followed by a 20 min incubation at 378C to let the fibrinogen polymerize, after which warm EGM-2 was added on top of the fibrin gel. The tissue constructs were maintained at 378C in 100% humidified air containing 5% CO 2 . Medium was changed every 2-3 days. To make tissues that were implanted in immune-compromised mice, 100 mL cellfibrinogen solution was mixed with 8 mL thrombin in small polydimethylsiloxane (PDMS) chambers (Fig. 1A) .
Retroviral vector construction and cell transduction
The HUVECs and fibroblasts were transduced with red fluorescent protein (RFP) or green fluorescent protein (GFP) using retroviruses to visualize the endothelial capillaries. The RFP retroviral vector, pBMN-mcherry, was constructed by inserting a 729-bp cassette containing mcherry, which encodes a monomeric RFP (kindly provided by Dr. Roger Tsien, University of California, San Diego, CA), into the pBMN-Z retroviral vector (Orbigen, San Diego, CA). The GFP retroviral vector pBMN-GFP was purchased from Orbigen.
The transduction procedure includes two steps: transfection of the packaging cells (293T; Phoenix Ampho, Orbigen, San Diego, CA), which produces retrovirus containing the fluorescent protein, and infection of the target cells (HUVECs or fibroblasts) with retrovirus. First, the packaging cells were transfected with GFP or RFP vectors using Lipofectamine-2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The viral supernatants were collected 48 and 72 h after transfection and filtered through 0.45 mm syringe filter to remove the floating cells. Then, the viral medium together with 5 mg=mL polybrene was added to target cells that were seeded at low density 24 h before the infection. Six hours after the infection, viral medium was replaced with fresh EGM-2 or FGM-2. The infection procedure was performed daily for 4 days. The fraction of cells expressing the fluorescent protein was greater than 80%, and the fluorescence was stable for at least 4 weeks.
Imaging of the in vitro tissue and optimization of cell seeding density
Images of the HUVEC capillary networks were taken at days 2, 4, 7, and 14 with an Olympus IX51 microscope equipped with a 100 W high-pressure mercury lamp (Olympus America, Center Valley, PA). Cell seeding densities were optimized to obtain dense, interconnected capillary networks. The ratio of fibroblasts to HUVECs was kept constant at 1:5, while the number of HUVECs was varied from 0.1 million cells per mL to 3 million cells per mL.
The capillaries were quantified (NIH ImageJ) using the following indices: (1) total vessel length (sum of all vessel segments)=mm 2 , (2) average length of vessel networks (total vessel length=number of vessel networks), (3) average number of branches per vessel network, and (4) vessel diameter (vessel area=vessel length). Six low-magnification (40Â) images of vessel networks for each condition were taken randomly at day 7 to quantify the first three indices. A vessel network was defined as a contiguous length of interconnected capillaries. The number of vessel networks and the number of branches per vessel network were counted manually. Average length of vessel networks was obtained by dividing total vessel length by the number of vessel networks. To quantify the vessel diameter, 10 vessels of each condition were chosen randomly and high-magnification images (100Â) of the individual vessels were taken. The projected area and length of the vessels were quantified with ImageJ, and average vessel diameter was calculated by dividing the area by the length.
Implantation of the tissue constructs
Small PDMS containers were made to hold the tissues for the duration of the implantation experiment, and simplify the implantation process. In addition, the chambers limit the diffusion of oxygen and nutrients to one side of the tissue, creating a more controlled environment to investigate anastomosis. The dimensions of the container are shown in Figure  1B . Fibrin-based tissues were constructed in the PDMS containers, and the container with the tissue was implanted subcutaneously into immune-deficient Rag-2 mice (Taconic Farms, Oxnard, CA). Animal surgery and animal handling were performed according to NIH guidelines for laboratory animal usage, and our protocol was approved by UCI IACUC. Mice were anesthetized via intraperitoneal injection of 75 mg=kg ketamine and 7 mg=kg xylazine. Two separate pouches underneath the skin were made on the dorsal surface of the animals through blunt dissection between the lower level of the dermis and the fascia over the muscle layer. Each tissue construct was inserted into a pouch with the tissue side facing the dermis (Fig. 1C) . The wound was closed with surgical staples. Analgesia was provided via intraperitoneal injection of 10 mg=kg buprenorphin at the completion of the surgery. Animals were sacrificed, and tissues were retrieved at day 3, 5, 7, and 14 after implantation. Mouse skin adjacent to the implanted tissue was also dissected (Fig. 1D) .
To compare the in vivo performance of prevascularized and nonprevascularized tissues, three types of tissues were implanted: (I) prevascularized tissues in which HUVECs and fibroblasts were seeded 7 days before implantation and thus allowed to develop into well-formed capillary networks; (II) positive control tissues in which both HUVECs and fibroblasts were seeded 24 h before implantation, and thus wellformed capillaries were absent; and (III) tissues containing only HUVECs in which fibroblasts were not incorporated.
The cell type, cell density, and in vitro culturing time of the three types of tissues are summarized in Table 1 . Tissue II is referred to as the positive control because it has been previously demonstrated that HUVEC and fibroblasts distributed throughout a collagen gel formed functional vessels that anastomosed with host vasculature after implantation.
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Histology and immunohistochemical staining Samples were fixed in 10% neutral buffered formalin overnight and embedded in paraffin. Hematoxylin and eosin (H&E), trichrome, and immunohistochemical staining were performed on 4 mm tissue sections. Trichrome staining was carried out using the Modified Gomori's one-step trichrome staining kit (Biocare Medical, Concord, CA). Immunohistochemical staining was performed using the Dako Envision HRP-DAB system (Dako, Carpinteria, CA) according to the manufacturer's instructions after treatment of the sections in Dako Target Retrieval solution at 948C for 25 min for epitope recovery. The primary antibodies were mouse anti-human CD31 (M0823, diluted at 1:200; Dako) and mouse anti-human Ki67 (M7240, diluted at 1: 75; Dako). Both antibodies were diluted in 0.5 M tris with 1% bovine serum albumin and incubated overnight at 48C. The secondary antibody used was HRP-conjugated goat anti-mouse immunoglobulins provided by the Dako Envision HRP-DAB system. The bound complex was detected by DAB.
Tissue sections stained with human CD 31 antibody and counter stained with H&E were used to quantify blood perfusion in the implanted tissues. HUVEC-lined vessels with intraluminal erythrocytes were quantified as perfused lumens, while HUVEC-lined lumens without erythrocytes were considered nonperfused lumens. For each condition, a minimum of 10 images from two or three samples implanted in different animals were analyzed.
Statistics
All quantification was performed by three researchers blinded to the conditions. The results are reported as mean AE 
Results
Mature capillary networks form spontaneously in vitro by 7 days
Our previous studies demonstrated that HUVECs coated on microbeads can proliferate, migrate, and sprout from the beads to form multicellular capillaries with lumens in the presence of fibroblasts in a fibrin gel. 18, 19 However, one drawback of the previous prevascularization model was the presence of undegradable microcarrier beads. In the current model, the beads were removed and the HUVECs and fibroblasts were randomly distributed in the fibrin gel. Two days after embedding in the fibrin gel, HUVECs adopted elongated morphology and formed multicellular structures with intracellular lumens (Fig. 2A, B) . By day 4, mature capillaries with lumens were formed (Fig. 2C, D) . Anastomosing capillary networks were formed at day 7 (Fig. 2E, F) . These capillaries were stable through day 14 ( Fig. 2G, H) , and no significant difference in any of the endpoints was found between the day 14 capillaries and day 7 capillaries. Fibroblasts demonstrated pericyte-like behavior by closely associating with the endothelial tubes as early as day 7 (Fig.  2I) , consistent with capillary maturation. 20 Capillaries did not form in the absence of fibroblasts (data not shown).
In vitro capillary formation was optimized by varying cell seeding density Previous work indicated that a HUVEC:fibroblast ratio of 5:1 is optimal to the growth of capillaries in vivo. 11, 12 We varied the seeding densities of HUVECs from 0.1 million cells=mL to 3 million cells=mL while keeping the ratio of HUVECs and fibroblasts constant at 5:1 (Fig. 3A-D) . Total vessel length, average length of vessel networks, and average number of branches per vessel network were all maximized when the density of HUVECs was 1 million cells per mL (Fig. 3F-H) . When the number of HUVECs increased to 3 million=mL, capillary growth decreased with numerous cells demonstrating a spherical morphology consistent with apoptosis. Thus, the optimal cell seeding densities for the in vivo studies were determined to be 1 million cells=mL and 0.2 million cells=mL for HUVECs and fibroblasts, respectively.
Prevascularization accelerates the formation of functional anastomoses
To demonstrate functionality of the preformed capillary network in vivo and to determine whether prevascularizing an engineered tissue construct can promote blood perfusion, three types of tissues were implanted into Rag-2 immunecompromised mice (Table 1 To determine whether these perfused vessels were mouse vessels that infiltrated into the implant, or human vessels perfused via inosculation with the host vasculature, tissue sections were stained with human CD31 antibody. Our results indicate that all the vessels within the implanted tissues, including the nonfunctional vessels with empty lumens (Fig. 5A ) and functional vessels containing blood cells (Fig.  5B) , were lined by human endothelial cells. Further, human endothelium-lined vessels were in close proximity with mouse vessels near the interface between mouse tissue and implanted tissue, consistent with a site of anastomosis (Fig. 5D) .
We next quantified the lumens lined by HUVEC cells in the implanted tissues. Three days postimplant, none of the tissues contained evidence of perfusion, but the prevascularized tissue (I) contained a higher fraction of area occupied by unperfused lumens (Fig. 5E) . Seven days postimplant, perfused lumens occupied about 0.5% of the cross-sectional area of the prevascularized tissue (I), but were absent in the positive control tissue (II, Fig. 5F ). From day 7 to day 14, the area fraction occupied by perfused lumens increased significantly in the prevascularized (I) and positive control tissues (II), whereas nonperfused lumens were nearly absent in these two types of tissues by day 14 (Fig. 5E) . Vessels with empty lumens increased gradually in the tissue containing only HUVECs (III) from day 3 to day 14 with the majority observed close to the mouse skin.
Prevascularization promotes cell proliferation and remodeling
To examine metabolic activity of the tissue constructs in vivo, we stained the sections of day 14 prevascularized (I) and positive control (II) tissues with an antibody to Ki67 to examine cell proliferation, and Gomori's Trichrome to examine collagen deposition. There was no evidence of collagen in the day 3 tissue (Fig. 6A) ; however, collagen fibers were observed in the prevascularized tissue (I), at the area near the mouse tissue, surrounding the HUVEC-lined vessels at day 14 ( Fig. 6C) , consistent with collagen synthesis in vivo after implantation. No evidence of collagen deposition was observed in the positive control tissue (II, Fig. 6B, D) . Further, a significantly larger number of proliferating cells (positive Ki67 stain) were present in the prevascularized tissue (I) than the positive control (II, Fig. 7 ) at day 14.
Discussion
In this study, we constructed three-dimensional HUVEC capillary networks in vitro, and demonstrated in vivo function of the preformed capillaries in immune-deficient mice. In vitro, the HUVECs develop into interconnected capillary networks with lumens within a fibrin gel in the presence of fibroblasts. The fibroblasts are required for capillary formation, and also demonstrate pericyte-like behavior by closely associating with the HUVEC-lined tubes. These well-formed capillary networks anastomosed with the host vasculature within 4-5 days after implantation, whereas a fibrin gel incorporating HUVECs and fibroblasts, but without fully developed capillaries, was perfused by the host blood sometime between 8 and 14 days after implantation. In addition, tissues with preformed capillaries (prevascularized tissue) were metabolically more active than nonprevascularized tissues, indicated by the presence of collagen deposition and a larger number of proliferating cells.
In vitro formation of capillary networks
Our previous work demonstrated that HUVECs coated on microcarrier beads embedded in a fibrin gel with a monolayer of fibroblasts 2 mm away sprout capillaries with lumens, mimicking the process of angiogenesis. 18 In the present work, the spontaneous in vitro formation of capillaries from randomly distributed endothelial cells and fibroblasts mimics the process of vasculogenesis, or the de novo formation of vessels from endothelial cells. It has been demonstrated that fibroblasts promote angiogenesis in vitro and in vivo, in part through the secretion of soluble mediators that diffuse through the matrix to the endothelial cells. [20] [21] [22] [23] However, the precise mechanism (or mediators secreted by the fibroblast) remains unknown. This study, along with our previous results, 20 supports the concept that fibroblasts can also support endothelial tube formation through direct contact with endothelial cells.
We chose the ratio of HUVECs and fibroblasts to be 5:1 based on previous reports. 11, 12 This ratio was kept constant during the optimization of cell seeding density. Hence, while we sought an optimal density of cells, we may be able to achieve even more rapid perfusion in the implanted tissue by examining the ratio of fibroblasts to endothelial cells. An interconnected network of capillaries is a potentially desirable feature to accelerate perfusion, as one might imagine that only a single anastomosis with the host is required to perfuse the entire network. In addition, a more branched network may also be desirable to minimize the distance between an interstitial cell and a capillary. Hence, our in vitro endpoints included not only the total vessel network length but also the average length of continuous vessel networks and the number of branches per network. All three indices peaked at 1 million endothelial cells per mL.
In vivo function of the preformed capillary networks
We hypothesized that prevascularizing an engineered tissue construct with well-formed vascular networks would accelerate the formation of functional vasculature upon implantation, and eventually promote survival of the implanted tissue. Our results showed that prevascularized tissue was perfused with mouse blood between 4-5 days, significantly earlier than nonprevascularized tissues (between 8 and 14 days, Fig. 4 ). The evidence that perfused lumens in the implanted tissues were lined by HUVECs (Fig. 5B) , combined with close proximity of mouse vessels with HUVEC-lined vessels (Fig. 5D) , suggests anastomosis of HUVEC-lined vessels with mouse vessels, rather than incorporation of HUVECs within an infiltrating mouse vessel.
In our experiments, the preformed capillaries began to anastomose with the host vasculature 4-5 days postimplant. This time frame may not be adequate for oxygen-sensitive tissues such as hepatocytes or cardiac myocytes. However, we did not attempt to minimize this time frame in the current study, only to demonstrate superior performance of the preformed capillaries. Previous studies demonstrated that unprevascularized implantable gel constructs (similar to our control tissues) anastomosed with host vasculature at day 7, which is faster than our control tissues. 11, 26 Manipulating variables such as the ratio of endothelial cells to stromal cells, the fibrin concentration, 19 the time of in vitro culture, or the addition of exogenous growth factors (e.g., VEGF or bFGF) may reduce the time needed for functional anastomoses and account for differences between our results and those from previous reports. Nonetheless, our results suggest that the time frame for vascularization typically achieved in vivo during wound healing (* 2 days) is a viable target.
Tremblay et al. 17 constructed a prevascularized skin equivalent by coseeding keratinocytes, fibroblasts, and HUVECs on a collagen sponge and transplanted the construct to nude mice after 31 days of in vitro culture. In their study, HUVECs formed capillary-like structures in vitro, and host blood was observed within the HUVEC-lined vessels 4 days after implantation, a similar result to our study, although our construct required only 7 days of in vitro culture. In addition, the perfused vessel density in the tissue constructs was relatively low (<10 vessels=mm 2 compared to *100 vessels=mm 2 in our current study), which may reflect the differences in the design of the prevascularized tissue (e.g., HUVEC-to-fibroblast ratio) that has not been optimized, and may be tissue specific.
Finally, in addition to earlier perfusion, we also observed collagen deposition, and enhanced cell proliferation in the prevascularized tissue. Both of these processes require oxygen and energy, suggesting that the prevascularized tissue is not only perfused, but also receiving adequate oxygen to facilitate metabolic activity.
Strategies for vascularizing engineered tissues
An implanted tissue relies on diffusion to survive before a circulation system is established between the host and the implant. This restriction is a critical obstacle in the design of large three-dimensional engineered tissue. In addition to our proposed method of prevascularizing with a well-formed capillary network, competing technologies include the controlled release of proangiogenic growth factors (e.g., vascular endothelial growth factor or platelet-derived growth factor) from the tissue implant 24, 25 and seeding the tissue with endothelial and=or stromal cells (similar to our positive control). It has been demonstrated that human ECs transplanted into immune-compromised mouse on biodegradable polymers or collagen gels formed functional human vessels that anastomosed with mouse vasculature. 7, 8 Transduction of the ECs with human telomerase reverse transcriptase or antiapoptotic Bcl-2 gene can promote EC survival and vascularization of implanted tissue. 9, 10 Coseeding of endothelial cells and fibroblasts resulted in long-lasting vessels that were functional in vivo for over a year. 11 However, the time for ECs to develop into functional vessels was relatively long (1-2 weeks).
Application of the tissue model
We used HUVECs in this study because they are easily extracted from an available supply of discarded umbilical cords, and can be expanded to relatively large numbers. While HUVECs do not solve the problem of immune compatibility for a cellularized tissue implant, endothelial progenitor cells from blood 26, 27 and other sources (e.g., fat tissue) [28] [29] [30] have also demonstrated angiogenic potential in vivo and in vitro. Thus, these cells may be used to create well-formed capillary networks for implantable tissues in immune competent animal models, and ultimately humans in the future.
The current model of vasculogenesis provides a platform to study the relationship between in vitro morphology and in vivo function of engineered capillary networks. For example, the prevascularized tissue (I) and the positive control (II) had the same starting components (i.e., fibrin concentration and number and type of cells). The only difference was that the prevascularized tissue had been cultured in vitro for 7 days in an oxygen-and nutrient-rich environment before implantation allowing the HUVECs to assemble into a well-formed capillary network. Our results suggest that this difference in morphology accelerates vessel perfusion and tissue remodeling. While the total time from tissue formation (in vitro time plus in vivo time) to blood perfusion may be similar between the two tissues (11-12 days for prevascularized tissue, and 9-15 days for the positive control), the acceleration of blood perfusion in vivo clearly suggests an advantage of allowing the capillaries to develop in vitro. Numerous additional morphologies such as branching and continuity of the network are potential variables for optimization in future studies, and may be tailored to meet the vascular needs of specific tissues.
Conclusion
We have demonstrated that prevascularizing a tissue with a well-formed capillary network accelerates the formation of functional anastomoses with the host vasculature, leading to earlier perfusion and metabolic activity in the implanted tissue. The tissue design has the flexibility to utilize alternate sources of endothelial and stromal cells. Future work must attempt to minimize the time necessary to achieve perfusion by manipulating such variables as the ratio of endothelial and stromal cells, as well as demonstrate the functional significance of achieving a thicker viable tissue.
